SUMMARY We studied the kinetics of very low density lipoprotein (VLDL) B-apoprotein by compartmental analysis in 28 human subjects, 20 of whom were hyperlipoproteinemic. Three parameters were derived: the size of the major pool (M A )> the flux of B-apoprotein through pool A (PRA), and the fractional removal rate from the pool (KAA). Highly significant correlations were found between M A and PR A (positive) and between M A and KAA (negative). The findings indicated that expansion of pool size was brought about in part by an increased input. Although the strong negative correlation between M A and KAA would also imply an important role for removal rates, this conclusion remains tentative without knowledge of whether removal rate is independent of pool size. Body weight was also highly significantly correlated with KAA (negatively) but not with PR A , suggesting that overweight contributes to expanded VLDL pools by decreasing removal, and also that removal rate may therefore determine pool size independently of production. The mean fluxes were similar in 10 subjects with hypertriglyceridemia alone and in eight subjects with combined hyperlipoproteinemia. In normolipidemic subjects, pool A appeared capable of accommodating a relatively greater input without as large an expansion in size as was observed in hyperlipidemic subjects. Ore Res 45: [35][36][37][38][39][40][41] 1979 HYPERTRIGLYCERIDEMIA is a relatively common finding. The molecular basis for the expansion in the pool of triglyceride-rich very low density lipoproteins (VLDL) undoubtedly will be shown to be diverse but currently has been limited to the demonstration of diminished lipoprotein lipase activity in some varieties of hypertriglyceridemia (Greten et al., 1976; Nikkila et aL, 1977 ). An alternative approach has been to investigate by kinetic analysis the broader definition of hypertriglyceridemia as a state of either increased production or diminished removal; both processes have been implicated in hypertriglyceridemia in general (Reaven et al., 1965; Nestel, 1966; Boberg et al., 1972; Havel et aL, 1970) , as well as that brought about by dietary change (Quarfordt et al., 1970; Nestel and Barter, 1971; Wolfe and Ahuja, 1977) or pathological disorders (Lewis et al., 1972; Nikkila and Kekki, 1973) . Conclusions generally have been drawn from studies in which the triglyceride moiety of VLDL had been labeled (Nestel, 1973) . We recently have described the kinetics of the VLDL B-apoprotein (Reardon et al., 1978) , the apoprotein that characterizes the metabolism of the basic particle, since this protein is essential for the formation of normal VLDL and remains with the particle throughout its catabolic cycle. We have shown that the catabonsm of VLDL is multicompartmental and most readily described as consisting of two pools and, furthermore, that when hypertriglyceridemia is associated with an increased turnover, the removal of VLDL catabolic products occurs substantially through a pathway that is not readily apparent in normolipidemic subjects. In this paper we compare the relative importance of increased input vs. decreased removal in maintaining the steady state dimensions of expanded VLDL B-apoprotein pools.
HYPERTRIGLYCERIDEMIA is a relatively common finding. The molecular basis for the expansion in the pool of triglyceride-rich very low density lipoproteins (VLDL) undoubtedly will be shown to be diverse but currently has been limited to the demonstration of diminished lipoprotein lipase activity in some varieties of hypertriglyceridemia (Greten et al., 1976; Nikkila et aL, 1977 ). An alternative approach has been to investigate by kinetic analysis the broader definition of hypertriglyceridemia as a state of either increased production or diminished removal; both processes have been implicated in hypertriglyceridemia in general (Reaven et al., 1965; Nestel, 1966; Boberg et al., 1972; Havel et aL, 1970) , as well as that brought about by dietary change (Quarfordt et al., 1970; Nestel and Barter, 1971; Wolfe and Ahuja, 1977) or pathological disorders (Lewis et al., 1972; Nikkila and Kekki, 1973) . Conclusions generally have been drawn from studies in which the triglyceride moiety of VLDL had been labeled (Nestel, 1973) . We recently have described the kinetics of the VLDL B-apoprotein (Reardon et al., 1978) , the apoprotein that characterizes the metabolism of the basic particle, since this protein is essential for the formation of normal VLDL and remains with the particle throughout its catabolic cycle. We have shown that the catabonsm of VLDL is multicompartmental and most readily described as consisting of two pools and, furthermore, that when hypertriglyceridemia is associated with an increased turnover, the removal of VLDL catabolic products occurs substantially through a pathway that is not readily apparent in normolipidemic subjects. In this paper we compare the relative importance of increased input vs. decreased removal in maintaining the steady state dimensions of expanded VLDL B-apoprotein pools.
Methods
The data are based on 28 consecutive studies carried out in eight normolipidemic, healthy subjects and in 20 individuals who were referred to us because they were hyperlipidemic. The latter were investigated for the presence of other primary disorders (diabetes mellitus, hypothyroidism, renal and hepatic disease); their dietary histories were analyzed, and lipid measurements were carried out in other members of the family, in most instances. The lipoprotein kinetic studies were carried out after it had been established over a period of weeks that the lipoprotein pattern and the plasma lipid concentrations consistently showed the type of hyperlipoproteinemia recorded in Table 1 . The definition of the three forms of hyperlipoproteinemia was based on the following: (1) Hypercholesterolemia: elevated low density lipoprotein only (LDL cholesterol > 180 mg/100 ml); (2) hypertriglyceridemia (plasma triglyceride > 180 mg/100 ml and normal LDL cholesterol); (3) combined hyperlipo-36 CIRCULATION RESEARCH VOL. 45, No. 1, JULY 1979 proteinemia: elevated VLDL (raised plasma trigiyceride > 180 mg/100 ml) and raised LDL. The classification "familial" was made if at least one firstdegree relative showed a similar or related form of hyperlipoproteinemia. Diabetes mellitus in three subjects (nos. 14, 18, and 28) responded to dietary treatment; subject 22 derived 22% of his calories from ethanol but showed normal liver function. The kinetic data in eight subjects (nos. 10, 12, 13, 14, 15, 16, 17, 18) have been reported in part (Reardon et al., 1978) .
Lipoproteins were isolated in the Sf 20-400 or Sf 60-400 range; the latter was selected in later studies to exclude remnants of VLDL catabolism (Reardon et al., 1978; Eisenberg and Levy, 1975) . The proteins were iodinated with 128 I, reinjected, and the rate of VLDL catabolism was calculated from the specific radioactivity-time curve of the VLDL B-apoprotein in samples of plasma collected over at least 48 hours. A steady state for the B-apoprotein concentration was maintained by restricting dietary fat and reducing total caloric intake by about 25% during the day preceding the study and over the first 24 hours. The food was eaten in four equal portions between 8 a.m. and 6 p.m. This led to minimal variability in B-apoprotein levels among samples (less than 10%). The reduction in fat intake minimized interference from alimentary particles, and the small reduction in caloric intake prevented the rise in VLDL concentration that may accompany a relatively high carbohydrate diet. The steady levels of VLDL argue against a reduction in VLDL secretion, and Barter and Nestel (1972) previously had found that even a 50% reduction in caloric intake (mostly from fat), resulted in no change in the net transport of plasma free fatty acids (a major substrate for VLDL formation). None of the subjects was receiving any medication, nor had any been treated previously with a lipidlowering drug. Potassium iodide was given to reduce the uptake of radioiodine by the thyroid gland. Informed consent was obtained from all subjects.
The VLDL were isolated by ultracentrifugation to yield the Sf 20-400 or Sf 60-400 fraction and the B-apoprotein was isolated by precipitating with either ammonium bicarbonate (Reardon et al., 1978) or tetramethyl urea (Kane, 1973) . Samples were assayed for radioactivity and for protein con-
tent (Lowry et al., 1951) . The resultant specific radioactivity curves were analyzed by compartmental analysis as described before (Reardon et al., 1978; Gurpide et al., 1964) since, in 24 of 28 studies, the curves could be resolved readily into two exponential functions (carried out visually by subtracting the slower exponential from the initial part of the specific radioactivity curve to derive the first or faster exponential). In the remaining four studies, the curves conformed to an apparently single exponential and were analyzed accordingly. Briefly, the two-pool model describes the relationship between two pools, A and B, and allows for independent entry and exit through both pools. The flux of material through A, representing the influx of VLDL B-apoprotein, is given by the equation:
where, PR A -flux through pool A (excluding any recycled material from pool B); R A = dose of radioactivity injected into pool A, a and P are the rate constants of the two exponentials, and C A and CB are the intercepts of the two rate constants, a and P, on the y axis of the specific radioactivity-time curve.
The mass of pool A is derived as: MA = --. Neither the mass nor the flux in pool B
can be calculated directly. The removal rate from pool A, representing the fraction of the pool cleared per unit time is given as: -K.AA a • C A + P • C B . C A + C B ' In the four studies that conformed to a singlepool system (nos. 6, 7, 20, and 28), the removal rate (K A ) was derived from the slope of the single exponential, and the flux equals KA X pool size (which in these cases was calculated as the amounts of VLDL B-apoprotein in plasma). These four studies have been included, although we have shown previously that the flux of B-apoprotein, as calculated by one-pool analysis, exceeds by about 10% the value obtained by two-pool analysis, and the dimension of pool A (M A ) is 30% greater than that of the intravascular pool (Reardon et aL, 1978) .
Eleven studies were carried out with VLDL fraction Sf 20-400 and 17 with fraction Sf 60-400. Sf 20-400 lipoproteins were injected into three of eight normolipidemic subjects, four of 10 hypertriglyceridemic subjects, two of eight subjects with combined hyperlipoproteinemia, and into both hypercholesterolemic subjects (Table 2 ). In any individual, the mass of B protein (M A ) in Sf 20-400 must be larger than in Sf 60-400. If all Sf 60-400 is transformed to Sf 20-60 and all Sf 20-60 is derived from 60-400 (Reardon et al., 1978; Eisenberg and Levy, 1975) , then the flux, or material passing through the pool (PR A ) would be the same for Sf 20-400 and Sf 60-400. The fractional removal rate (-KAA) would be different and would be less in the case of the Sf 20-400 fraction. However, the relationships among these three parameters, M A , PR A , and -KAA, can be pooled validly for all subjects and compared among groups of subjects, and this has been the object of this study. This was borne out by the analysis of these interrelationships made separately for studies using Sf 20-400 or Sf 60-400 (see Results). Nevertheless, we are presenting the statistical data for the two classes of VLDL separately and have pooled the data only for illustrative purposes and in the comparison of findings in subjects with hypertriglyceridemia and combined hyperlipoproteinemia.
Linear regression analyses were carried out according to the methods of Snedecor and Cochran (1956) .
Results
The individual kinetic data for all 28 studies are presented in Table 2 . A comparison of findings with the Sf 60-400 and Sf 20-400 studies is shown in Table 3 ; it illustrates that the two groups of subjects were of similar body weight and that the mean mass in pool A was less and the removal rate greater for the Sf 60-400 than for the Sf 20-400 studies. This suggests that the two groups of subjects comprising the two studies were comparable, since in any in- 60-400 than in the Sf 20-400 fraction.
The relationship between the size of pool A (M A ) and the flux through this pool (which probably includes most, and possibly all, newly secreted VLDL), is shown in Figure 1 for all 28 studies. The two parameters appeared to be directly related as shown in the correlation analyses (Table 4) : r = +0.67 (P < 0.01) for Sf 60-400 and +0.56 (P 0.1 > 0.05) for Sf 20-400, indicating that expansion in pool size was partly dependent on increased flux or production.
The relationship between the size of pool A and the fraction of the pool removed per unit time (-KAA or K A ) is shown in Figure 2 , with the removal rate plotted logarithmically. A significant inverse relationship was found with both Sf 60-400 (r = -0.61) and Sf 20-400 (r = -0.67) (Table 4) , indicating that the removal rate lessened with expansion of pool size.
Body weight was found to significantly influence removal rate (Table 4) : r = -0.56 for Sf 60-400 studies and -0.71 for Sf 20-400 studies. In contrast, weight did not significantly affect flux but did correlate positively with pool size in the Sf 20-400 studies. Because of the influence exerted by body weight, the correlations between pool size on the one hand and flux or removal rate on the other were reexamined after pool size was corrected for body weight (pool size expressed as mg/kg weight). This affected the correlations only minimally: e.g., in the Sf 60-400 studies, the correlations between M A and -KAA were -0.61 and -0.59 with M A not corrected and corrected for weight, respectively; the corresponding correlations between M A and flux were +0.67 and +0.69. Table 5 summarizes the average values for M A , PRA, and -KAA for the eight normolipidemic subjects, 10 subjects with hypertriglyceridemia only, and eight subjects with combined hyperlipoproteinemia. As discussed above, the inclusion of data for both Sf 20-400 and 60-400 lipoproteins limits analysis to a comparison of the relationships among pool size (M A ), flux (PRA), and fractional removal rate (-KAA)-Although in absolute terms the flux through pool A was substantially greater in the hyperlipoproteinemic than in the normolipidemic subjects, in relation to a given pool size the flux was greater in normolipidemic individuals. Therefore, in the lower range of fluxes, pool A could accommodate a relatively greater input without as large an expansion in its size as was observed at higher fluxes. The mean removal rate was highest in the normolipidemic subjects.
Comparison of the kinetics of VLDL B-apoprotein in the two groups characterized by hypertriglyceridemia or by combined hyperlipoproteinemia showed that the small difference in the mean fluxes was not significant, and although the pool size was greater in subjects with hypertriglyceridemia, this was associated with a proportionately smaller fractional removal rate. 
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Discussion
Measurements of VLDL apoprotein (or triglyceride) kinetics by tracer techniques assume steady state conditions, that is, balanced inflow and outflow into the lipoprotein pooL Any expansion in the pool therefore must be brought about by a period of imbalance between the processes of production and removal. A primary increase in inflow would lead to an increase in pool size until outflow also has risen to establish a new steady state. This would result in a higher turnover, an expanded pool, and an unchanged fractional rate of removal. If, however, the predominant factor in increasing the pool size were diminished removal, or outflow, then the pool would expand until either inflow also falls or outflow rises to its previous rate. The latter adjustment would result in an expanded pool, an unchanged turnover, and a smaller fraction of the pool being removed per unit time. Therefore, when comparing several pools of different size during steady state conditions, a higher turnover may imply a primary increase in production, and a lower fractional removal rate may imply an initial reduction in catabolism.
The present data illustrate that the expansion of the VLDL B-apoprotein pool in hypertriglyceridemic subjects showed evidence of both increased input (Fig. 1) and a decreased fractional removal rate (Fig. 2) . The inverse relationship between the amount of VLDL B-apoprotein in the major pool (M A ) and the fractional removal rate from that pool (-KAA) was particularly striking (Table 4) , although it is important to note that we have not excluded the possibility that KAA decreased as the result of the expansion in pool size. If that were the case, then overproduction would have been the major and primary factor in expanding pool A. In most of the hypertriglyceridemic subjects, there was evidence for both increased flux and diminished removal, although the latter would reflect a relative rather than an absolute decrease, since the flux through the system was increased. The relationship between MA and -KAA (Fig. 2) resembled that observed by others between the size of the LDL Bapoprotein pool and its fractional catabolic rate (FCR) (Langer et al., 1972) . In the latter case, an increase in LDL pools was thought to reflect diminished removal; since the FCR had been shown to be independent of LDL B-apoprotein pool size (in any given individual), the FCR was not changed by increasing or decreasing the pool (Thompson and Myant, 1976) . The finding of highly significant correlations between body weight and -KAA but not Our data pertain only to the B-apoprotein component of VLDL, and since the triglyceride-to-protein ratio in VLDL can vary widely in hypertriglyceridemic subjects (Ruderman et al., 1971) , the present results need not be identical to measurements obtained from triglyceride kinetics. A comparison of the two methods (flux of VLDL B-apoprotein and flux of VLDL triglyceride) has been reported by one group to show a correlation of 0.67 (Chait et al., 1977) , although we have found that sucrose-rich diets, which generally stimulate triglyceride turnover (NesteL, 1966; Quarfordt et al., 1970; Wolfe and Ahjua, 1977) , influence VLDL Bapoprotein flux only infrequently (Nestel et al., unpublished observations) . VLDL can therefore clearly transport variable amounts of triglyceride per particle, and overproduction of VLDL B-apoprotein need not be required for the transport of additional loads of triglyceride. Nevertheless, our observations in hypertriglyceridemic subjects in general closely resemble conclusions drawn from studies of triglyceride metabolism. Boberg et al. (1972) have reported an inverse relationship between the plasma triglyceride concentration and the fractional turnover rate of triglyceride. Others also have concluded that diminished removal may be the primary factor in the development of hypertriglyceridemia, through analysis of triglyceride kinetics (Havel, 1970) or from the direct measurements of the removal of infused glyceride into the forearm (Rossner et al., 1976) . On the other hand, increased production has also been reported as the primary event (Reaven et al., 1965; Nestel, 1966) , the lessened fractional removal rate being interpreted as the consequence of the expanded pool. Overproduction of VLDL triglyceride seems to be clearly important in obesity (Nestel and Whyte, 1968) , although the present study would indicate that this need not extend to the B-apoprotein moiety, resembling our unpublished findings with overconsumption of sucrose. Nikkila and Kekki (1971) have stressed the heterogeneity of VLDL triglyceride kinetics in both healthy and diseased individuals and have demonstrated that similar degrees of hypertriglyceridemia can be brought about by different combinations of inflow and outflow rates. Similar conclusions may apply to the metabolism of the whole VLDL particle.
The present group of subjects were heterogeneous, and no distinction has been made between familial and nonfamilial forms of hypertriglyceridemia. Bearing in mind that the hyperlipoproteinemia appeared to have a possible familial basis in only some of our subjects, we nevertheless failed to find a difference in the flux of VLDL B-apoprotein between those with hypertriglyceridemia alone and those with combined hyperlipoproteinemia, as reported by Brunzell et aL (1977) (using labeled triglyceride as the marker). Although the size of pool A was greater in this group of hypertriglyceridemic subjects, this was matched by a proportional decrease in removal rate. The findings in the hyperlipoproteinemic subjects were somewhat different from those in the normolipidemic individuals, among whom the ratio of flux to pool size was substantially higher, suggesting that at least in the "normal" range of fluxes, an increased input can be accommodated with a relatively small expansion in pool size. Wolfe and Ahuja (1977) , who observed very high secretion rates of triglyceride by the liver in subjects given large loads of glucose and fructose, have also commented on the compensatory capacity of removal mechanisms at least in normolipidemic individuals.
The fractional removal rates were significantly higher in the normolipidemic subjects, but without knowledge of whether removal rate is independent of pool size, no firm conclusions can be drawn, other than that the fluxes (PRA) were significantly higher in the hyperlipoproteinemic subjects. However, the correlation between body weight and removal rate, but not flux, does suggest a major and independent role for removal mechanisms in determining pool size. It would therefore appear that in obesity (as well as in sucrose feeding), the increased production of triglyceride may be secreted within VLDL without a concomitant increase in B-apoprotein production. The excess triglyceride is accommodated partly in larger particles, although the number of circulating particles also must increase due to the associated reduction in the removal rate. This may represent a delay in the catabolism of the whole particle due to the increased time required for the lipolysis of the larger triglyceride mass. The mechanisms that lead to the conversion of newly secreted VLDL to smaller lipoproteins of higher density are complex and incompletely understood, and a derangement in any of these could be responsible for the reduced removal rate.
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